Household digesters are anaerobic reactors applied mostly in rural areas of developing countries with tropical climate. The Chinese dome digester is the most popular household digester type in Asia and Africa, and has become the basis for contemporary developments in the household digester sector around the world. Household digesters are operated at ambient temperatures and have no internal mixing device, making them simple to operate. In the absence of internal mixing mechanism, the Chinese dome digester is mixed via pressure variation during gas production, gas use and feeding. Since mixing is limited in household digesters, they are operated at low organic loading rates and long hydraulic retention time when compared with forced mixed reactors. This review analyses and presents the various types of domestic biogas plants and operating parameters, with emphasis on mixing. Experimental results of household reactors, forced mixed reactors with different mixing modes and intensities were also reviewed and compared. KEYWORDS Chinese dome digester (CDD); household digesters; hydraulic retention time (HRT); mixing CONTACT A. O. Jegede
Introduction
An important way to solve the problem of energy shortage in rural areas of developing countries is the use of biogas produced from domestic biogas plants. The use of traditional biomass such as animal dung and other biodegradable wastes from the farms can make single households, even communities become self-sufficient in energy generation (Bond & Templeton, 2011) . Biogas can be used as cooking fuel without air pollution and can also be used for heating, lighting and electricity production (Bajgain et al., 2005) . Domestic biogas plants also called household digesters are smallscale (maximum 10 m 3 ) anaerobic digesters (Shian et al., 1979; Hamad et al., 1982; Akinbami et al., 2001; Rajendran et al., 2012; Jihen et al., 2010) . They are usually constructed very close to standalone houses mostly in rural areas to provide biogas for household use while the digestate from the reactors is applied on farmland as organic manure. The major types of domestic biogas plants are the Chinese dome, Indian floating drum, Plug flow and the Puxin digesters . They have no mechanical mixers and are unheated systems which make them inexpensive and well suitable for farmers and people living in rural areas (Kanwar & Guleri, 1994; Singh et al., 1997) .
The history of domestic biogas plants dates as far back as the 10th century BC in Assyria where heating of bath water was done with the use of biogas. In ancient China (13th century), anaerobic digestion was applied to solid wastes (He, 2010) . The commercial use of biogas in China has been attributed to Guorui Luo in 1921, who built an 8 m 3 anaerobic digester using household wastes as feedstock (He, 2010) . The high oil prices in the 1970s made biogas technology popular, especially in Asian, African and Latin American countries (Ni and Nyns, 1996) . More than 7 million biogas plants were installed in China during this period because of the support from and policies made by the Chinese government for biogas use in every rural household (He, 2010) . The number of household biogas plants increased since the turn of this century with over 40 million systems installed in China (Song et al., 2014) because of subsidies from the government. In Africa and Latin America, the situation is mixed and most plants were built in the 80s and 90s. In sub-Sahara Africa, domestic biogas plants have had little success compared to Asia (Akinbami et al., 2001; SNV, 2014) .
About forty million domestic biogas plants (DBPs) have been installed worldwide, mainly in Asia. However, the total world technical potential has been put at 155 million (SNV, 2010; Jiang et al., 2011) . This estimation was based on the amount of animal manure that could be generated from livestock as the potential of domestic household digesters is still far from being achieved especially in developing countries such as Latin America and most sub-Sahara African countries (Akinbami et al., 2001; Bond & Templeton, 2011) .
Methane emission in 2010 was about 10 GtCO 2 -equivalent and formed approximately 16% of the total anthropogenic greenhouse gas (GHG) emission in 2014 (IPCC, 2014) . The large volume of household digesters in operation in the world and the above-mentioned technical potential of 155 million (SNV, 2010) suggest that anaerobic digestion technology might mitigate GHG substantially through methane recovery from organic wastes (Kobayashi & Li, 2011) .
Out of all the household digesters, the Chinese dome digester (CDD) is the most popular digester and most implemented due to its reliability, low maintenance and long lifespan (Ghimire, 2013; Cheng et al., 2013) . The CDD has become a basis for the development of twenty-first century household digester design such as the Puxin digesteran example of a prefabricated digester (Cheng et al., 2013) . The most important issues related to household digesters reported in literature are mentioned and discussed later in this paper.
A few reviews (Perez et al., 2014; Rajendran et al., 2012; Cheng et al., 2013 ) exist on domestic biogas plants. These reviews do not evaluate the effect of mixing in domestic biogas plants and/or compare this with forced mixed systems.
The main types of household digesters, their features, mode of mixing, advantages and disadvantages are reviewed in the present paper. In addition, the effect of substrate dilution and organic loading rate (OLR) on mixing in household digesters as well as the effect of mixing intensities and modes in various forced mixed biogas plants and domestic biogas plants on hydraulic retention time (HRT) and digestion efficiency are discussed. Recommendations on how to improve mixing in household digester are presented at the end of the paper.
Types of household biogas plants and challenges
The various types of household digesters are discussed in this section: Table 1 gives an overview of the household digesters discussed in this section comparing them on the basis of mixing modes, HRT, OLR, volume and reported advantages and disadvantages. All the different types of household digesters have similar applied loading rate, HRT and volume. The Chinese dome, Deenbandhu, floating dome and prefabricated digesters are all mixed in the same way via influent flow and gas pressure variation due to storage and use while the plug flow is mixed by the flow of the feed from the inlet to the outlet of the digester and gas production. The plug flow digester would be regarded as least durable if the material used were polyethylene because of the short life span of the material, while the most reliable are the prefabricated digesters because of quality control that could be achieved during factory production among other advantages (Cheng et al., 2013) . Long HRT is a common disadvantage of most household digesters.
Overview of various household digesters

The Chinese dome digester
This type is usually constructed underground with a concrete hemispherical dome top as shown in Figure 1 . The upper chamber is the gas holder and gas pressure is maintained through the height of the effluent in the displacement chamber (Gunnerson & Stuckey, 1986) usually between 0 and 90 cm H 2 O column (Khoiyangbam et al., 2004) . The size of the domestic Chinese dome digester varies usually between 6 and 10 m 3 (Shian et al., 1979; Hamad et al., 1982; Akinbami et al., 2001; Adeoti 1998; Ferrer et al., 2013; Jihen et al 2010) and generates approximately 3 m 3 of biogas per day to satisfy the cooking need of a household of an average size of nine persons (Akinbami et al., 2001; GTZ, 1999) . The reactor is operated in a semicontinuous mode i.e. feeding is done once a day. To meet the daily biogas requirement using cow manure as the feedstock, the organic loading rate requirement is around 1.5 kg VS/m 3 day with an HRT of 40-90 days and at mesophilic condition (Kalia & Kanwar, 1998; Ferrer et al., 2011; An & Preston, 1999) . Mixing is achieved in the digester via hydraulic variation during feeding, effluent discharge, and gas use (Tamkin et al., 2015) .
The biogas plant is fed through the influent pipe as shown in Figure 1 until the level of the influent reaches the base of the expansion chamber. The biogas produced accumulates and is stored in the upper part of the digester above the slurry. The stored gas results in a pressure build up and presses part of the slurry into the effluent chamber. During gas use, the effluent flows back into the biogas plant therefore creating a mixing regime. Hamad et al., 1982; Adeoti, 1998; Akinbami et al., 2001; Jihen et al., 2010; Ghimire, 2013 . CEM, 2005 Buysman, 2009 . Gunnerson & Stuckey, 1986 Balasubramaniyam et al., 2008; . Gunnerson & Stuckey, 1986 Daxiong et al., 1990; GTZ, 1999; Herrero, 2008 . Buysman, 2009 Cheng et al., 2013. The reactor has no moving parts and is well insulated because it is usually constructed with bricks and cement below the ground. One major drawback is high technical skills required to ensure the digester is air tight, which is difficult to achieve in bedrock (Balasubramaniyam et al., 2008) .
The Chinese dome digester is most popular in developing countries in terms of number (Fulford, 1988; Chen et al., 2010; Ghimire, 2013; Ferrer et al., 2013) and largely supported by SNV, a Dutch Non-Governmental Organization (NGO). It is the design of choice for most of their programs in rural areas in developing countries because of their reliability, low maintenance and long lifespan (Ghimire, 2013) . Table 2 shows the details of the national biogas programs supported by SNV, in Asia, Africa and South America. The table presents the cumulative number of supported biogas programs in 8 countries in Asia and 9 African countries, with Nepal having the oldest program and the highest number of biogas digesters. The lowest number of plants is recorded in Benin. The program seeks to bring together local biogas developers and local funding agencies to provide subsidies and loans to interested households.
The Deenbandhu digester
The Deenbandhu digester, also constructed with bricks and cement, was developed to create a system less susceptible to gas leakage than the Chinese dome digester. The Deenbandhu digester is reported to be more resistant to leakages because both the gasholder and the digester base have dome shapes (CEM, 2005) as shown in Figure 2 . The dome-like structure of the whole digester body, unlike the Chinese digester with only top dome shape, can hold very high structural forces because the pressure from the produced biogas is spread over a large surface area (Buysman, 2009 ). The Deenbandhu digester is operated like the Chinese dome and mixing is also achieved via hydraulic variation.
The Indian floating dome digester
The Indian floating dome digester has an inverted movable floating steel drum as the gas holder, which is inserted into the digester as shown in Figure 3 . This biogas system was developed by Khadi and Village Industry Commission (KVIC) (Singh & Sooch, 2004) . The digester is operated in a semi-continuous mode and has similar substrate feeding and effluent removal patterns like the Chinese dome digester. The digester has a specific height to width ratio and a wall is constructed at the middle of the digester to prevent short-circuiting (Gunnerson & Stuckey 1986) . Mixing is achieved when substrates in the digester move over the wall during feeding. The digester is easy to operate and has constant gas pressure because of the weight of the floating drum. However, the drawback of this system is the high cost associated with the steel drum and the corrosion of the drum if inferior material is used (Balasubramaniyam et al., 2008) .
The Taiwanese bag digester
The Taiwanese bag digester is a plug flow digester usually made of flexible plastics. It was developed in the 1960s and it is quite popular in Central and South America. It is usually made of flexible plastic (e.g. tarpaulin) and Polyvinyl Chloride (PVC) (Gunnerson & Stuckey, 1986; Herrero, 2008) . The biogas digester is a long cylindrical bag supported on the ground with concrete or compacted sand (Gunnerson & Stuckey, 1986) as shown below in Figure 4 . Solar radiation is absorbed better in this digester than in the dome digesters because of the thin covering of the biogas plant. Hence, a higher temperature could be achieved in the digester. On the other hand, heat loss is also high because of the thin layer of the digester material (Daxiong et al., 1990) during the night and winter. The digester is a plug flow reactor with no mixing but there is convective transport in horizontal direction as feed passes from the inlet to the outlet and concentration therefore reduces from left to right (Balasubramaniyam et al., 2008) .
The design is simple, the cost of material is relatively low, and cleaning or maintenance is not complicated. However, the major drawbacks for this type of digester are the low life span (usually around two years because of the nature of the reactor material), difficulty to repair and susceptibility to physical damage by humans such as tearing or cutting with shape objects (GTZ, 1999; Daxiong et al., 1990 ).
Prefabricated biogas digesters
Prefabricated biogas digesters (PBDs) are classified into three: Fiber reinforced plastic (FRP); Plastic soft (PS); and Plastic hard (PH) digesters. Most PBDs designs are based on the Chinese dome digester design. FRP digesters are made from unsaturated polyester resin and glass fiber cloth. Plastic soft (PS) digesters are made from Polyvinyl Chloride (PVC), red mud, polypropylene and poly-methyl methacrylate while the plastic hard (PH) digesters are made from hard PVC, Polypropylene (PP), linear low-density polyethylene and high-density polyethylene (HDPE). On the other hand, some digesters such as the Puxin digesters are being constructed with some parts from blocks/concretes and reinforced plastics, usually the gas holders; that is, a combination of prefabricated parts and parts that could be constructed locally (though the standardization schemes are incomplete and not robust). The PBDs can have several advantages over other types of household digesters viz. quality control at the factory during production, high mechanical strength, gas tightness and long lifespan. In addition, they provide good insulation because they are installed underground to maintain stable internal temperature. Due to their light weight, they can be easily transported (Cheng et al., 2013) , installed and maintained ( Figures 5 and 6 ).
The Puxin digester is one of the brands of prefabricated digesters and it is a modification of the Chinese dome Cheng et al., 2013) . Their applications and designs depend on location, available local substrates, socio-economic context and weather conditions (Kanwar & Guleri, 1994; Singh et al., 1997) .
Organic loading rate and substrate dilution in household digesters
The total solid concentration of the influent applied in domestic household biogas plants varies between 5 and 7% (Mohammad, 1991; Bouallagui et al., 2003; Xavier & Nand,1990; Shyam & Sharma,1994; Bond & Templeton, 2011) . The influent generally consists of manure diluted with different volumes of water, which is the normal practice when feeding the digester. According to Shyam & Sharma (1994) , the input concentration could be increased by reducing dilution to indirectly reduce the digester volume (Ferrer et al., 2011) and to achieve higher volumetric biogas production (m 3 /m 3 /d). Biogas production would be negatively affected if the total solid concentration were increased above 19% (according to experimental results of Shyam & Sharma, 1994) because of the settling of fed substrates (both organic and inorganic fractions) from absent forced mixing. The loading rate usually applied in household digesters is between 0.7 and 2 kgVS/m 3 /day for mesophilic temperature conditions (Rajendran Figure 5 . Puxin digester, top-half is PBD f1g Mixing tank with inlet pipe f2g Digester (concrete) f3g Expansion chamber f4g Gasholder (reinforced fiber plastic) f5g Gas pipe (Based on Arthur et al., ). et al., 2012 . The usual practice of excessive substrate dilution (substrate:water -1:4) and long HRT used in household biogas plants often result in low OLR i.e. 0.75 kgVS/m 3 /day and low volumetric biogas generation. Thus, large reactor volumes have to be applied (Ferrer et al., 2011; Kalia & Kanwar, 1998; Ciotola et al., 2013; Tamkin et al., 2015) . When higher loading rates are applied because of higher input concentration, the increased volumetric biogas production may positively affect the mixing of the reactor content. No information is available on the relation between volumetric gas production and mixing in the household digesters, especially the Chinese dome digester. Further studies should be carried out at higher input concentration (10-15% TS) at several HRTs with the aim of reducing the applied reactor volume and eventual reactor cost. Kalia (1988) attempted to decrease the volume of household anaerobic digesters by comparing two fixed domes domestic biogas plants, volumes 9.2 m 3 and 8.1 m 3 operated at HRT 79 days and 70 days respectively. They were fed with an influent concentration between 9 and 10% TS and dilution ratio was 1:1. The average specific biogas production for the first digester was 0.63-0.65 m 3 /kg VS but the second digester was higher in the range of 0.67-0.68 m 3 /kg VS and comparable to the results of Hills & Mehlschau (1984) , Kalia & Kanwar (1998) , Jihen et al. (2010) who used similar operating parameters and substrates. The volumetric gas production (m 3 /m 3 /d) was as expected, higher when applying a shorter HRT as compared to that of the digester with a longer HRT at same loading rate. However, there was no significant difference in the specific gas production because the difference in the applied HRTs was limited. Ferrer et al. (2011) conducted pilot studies on household plug flow digesters at a temperature between 20 and 25 C to study the effect of different organic loading rates (OLRs) and HRTs on reactor performance.
Their results showed a higher volumetric biogas production and specific biogas production of 0.42 m 3 /m 3 /day and 0.36 m 3 /kg VS respectively for dilution ratio of 1:2 and HRT of 60 days compared to 0.07 m 3 /m 3 /day and 0.32 m 3 /kg VS with dilution ratio of 1:4 and HRT of 90 days as shown in Table 3 . From the results, a lower dilution of substrate and reduced HRT are feasible without affecting the specific biogas production. However, increasing organic loading rates by reduction of dilution in household digesters may lead to the accumulation of solids in digesters when forced mixing is not applied such as in the Plug flow and Chinese dome digesters. At high loading rates, unstirred systems such as the plug flow reactors have the problems of solids and organic acids accumulation as well as pH reduction in the front part of the system (Barber & Stuckey, 1999) .
Effect of temperature on household digesters
Temperature is an important parameter in the anaerobic digestion process and challenging in household digesters because they are operated without heating. The growth rate of methanogens and the first hydrolysis constant of suspended organic solids are temperature dependent and very low at low temperature (<20 C) (Stevens & Schulte, 1979; Singh et al., 1995; Rebac et al., 1999; Collins et al., 2006; Ferrer et al., 2009 ). The climatic conditions in most developing countries are favorable for the anaerobic digestion process throughout the year with ambient temperature in the range 20-25 C (Buysman, 2009 ). On the other hand, some highland regions have warm summers but cold winters. The lower temperature during the winter is not favorable for biogas production (Sodha et al., 1987; Gupta et al., 1988; GTZ, 1999) where very long HRTs are applied.
To solve the problem of low biogas production in winter, different methods have been developed to keep the temperature in household digesters at a certain minimum i.e. 15 C, all year round. Solar radiation is the most popular method which could be applied to raise the temperature of domestic digesters (Shian et al., 1979; Tiwari et al., 1989 , Tiwari, 1986 El-Mashad, van Loon, Zeeman, Bot, & Lettinga, 2004; Herrero, 2008) . The main solar energy applications in domestic digesters are hot charging (heating of substrate and water with solar radiation), covering of digester by applying a greenhouse and indirect utilization of solar energy such as solar thermal collector (Buysman, 2009 ). Sodha et al. (1987) investigated the concept of a greenhouse coupled with an 8 m 3 digester to increase biogas production during winter in Masoodpur Village, New Delhi, India. The oneyear study revealed almost a 100% increase in biogas yield when applying a digester inside a greenhouse. The comparative study with a conventional digester without a greenhouse shows that the digester's mean temperature could be increased from 20 C to almost 35 C.
Furthermore, different types of Taiwanese plug flow digesters have been used (Herrero, 2008; Kumar & Bai, 2008) in cold hilly regions. Plug flow digesters have been successful at low temperatures because of the low cost and solar canopy that retains the captured radiation (Buysman, 2009) , even in winter compared to other types of household digesters (Kalia, 1988) . Coating the top of a domestic digester with charcoal was proposed by Singh & Anand (1994) . They reported an increase in temperature by 3 C and biogas production by 7-15% but the digester has to be coated almost every two months. Singh et al. (1985) concluded that biogas production in winter could be maintained by insulating the inner surface of biogas holders.
Hot charging of substrate may not be a very practical solution for domestic biogas plant operating at long HRT i.e. 60 days and above (Buysman, 2009 ) because the incoming high temperature (60 C) of substrate would negatively affect the microbial community, which may have acclimatized to a psychrophilic temperature range. Nevertheless, domestic digesters could be insulated to prevent heat loss, which might make hot charging viable if the overall digester heat transfer coefficient (K) is below 1 W/m 2 K and the proper mixing of incoming substrate with digester content (Anand & Singh, 1993 , Buysman, 2009 . Indirect utilization of solar radiation in domestic biogas plant has been proposed by different authors (Gupta et al., 1988; Tiwari et al., 1989; El-Mashad et al., 2004) as a good approach to increasing temperature of digestion if implemented. For example, Buysman (2009) performed a solar energy simulation on a 3.5 m 3 Janata household digester in four countries: Georgia, Romania, Kyrgyztan and Bolivia. The goal was to assess the heating requirement using solar collectors for a digester operating at a minimum temperature and 55 days HRT. The total heat and collector area required for each country were 44. 6 MJ and 12.69 m 2 , 45.2 MJ and 5.74 m 2 , 47.3 MJ and 5.50 m 2 , 26.6 MJ and 5.11 m 2 for Romania, Kyrgyztan, Bolivia and Georgia respectively. The analysis showed that it is possible to maintain the digester temperature to at least 15 C but the collector area needed was large especially in Romania.
In addition, El-Mashad (2003) modeled a 10 m 3 digester with a solar collector to achieve 44.5 C in summer and 47.6 C in winter in Egypt. The results showed high-energy demand to operate the digester at thermophilic condition. The input heat energy required are 3560 and 1560 MJ for summer and winter respectively. These systems have not been implemented majorly because of high cost and limited experience worldwide.
The common approaches such as hot charging, digester insulation and solar green house could increase digesters temperature to 10-15 C in situations where the temperature is below 5 C. Other approaches such as indirect solar utilization are required. The concept of Herrero (2008) looks promising, it supports the combination of hot charging, sand wall and solar greenhouse but further studies are required to investigate the performances of the systems (Buysman, 2009) .
At lower operating temperatures (< 20 C), household digester would be operated at a long HRT > 60 day, which implies low OLRs, lower substrate inflow and effluent withdrawal. Low OLR rates would result in low volumetric biogas production rates and this may result in poor mixing. Furthermore, mixing would be achieved during feeding and effluent withdrawal. Since household digesters are mixed via these two processes, it means that only a limited volume of influent and effluent could be added and removed respectively.
Effect of mixing on anaerobic digestion
The effect of mixing in anaerobic digesters has been studied by different authors at laboratory and pilot scales. The need for digesters to be adequately and sufficiently mixed has been supported by many scientists (Bridgeman, 2012; Gerardi, 2003; Conklin et al., 2008; Halalsheh et al., 2011) and challenged by others (Gomez et al., 2006; Kim et al., 2002; Ward et al., 2008; Ike et al., 2010) . Karim et al. (2005) observed in their study on the effect of mode of mixing on anaerobic digestion that disruption in mixing causes hydraulic dead zones leading to reduction in effective hydraulic retention time and poor digester performance. Conversely, Kim et al. (2002) noticed a high performance in an unstirred, continuously fed labscale biogas reactor digesting primary sludge compared to continuously fed, stirred biogas plants. The absence of mixing reduced and stabilized the startup stage of the biogas digester but thereafter reduced biogas production when compared with mixed digesters (Karim et al., 2005) .
Higher biogas production was reported by Karapaju and Rintala (2008) for minimal and intermittent mixing compared to the performance of a continuously mixed system i.e. a better performance for a gently mixed system compared with vigorously mixed systems. Zeeman (1991) reported a negative effect of mixing during the startup of anaerobic treatment of cow manure at 15 C using Accumulating System (AC). The negative effect was attributed to the destruction of adjacent structure between the hydrogen consuming and the propionic acid oxidizing microflora, which resulted in the increase of hydrogen in the propionic acid oxidizing bacteria region. Likewise, the study of Stroot et al. (2001) , under minimal and continuous mixing of mesophilic co-digestion of sludge and organic fraction of municipal solid waste (OFMS), concluded that mixing increases the distance between syntrophic microbes and therefore destroys their association. Ward et al. (2008) attributed the accumulation of propionate in unstable biogas plants to the increase of diffusion distance between synthrophs. Ghanimeh et al. (2012) evaluated the effect of mixing and organic loading rate (OLR) on the performance of the anaerobic digestion process of source-separated organic fraction of municipal solid waste (SS-OFMSW) during startup and without an acclimated seed in two different continuously fed reactors operated with similar starting conditions but different mixing schemes for 235 days. The first reactor was continuously and slowly mixed at 100 RPM while the second was not mixed except for a few minutes before feeding and wasting. The first reactor exhibited superior digestion efficiency compared to the second digester and was more stable in relation to lower propionate level, reduced VFA and lower VFA-to-alkalinity ratio. In this regard, slow mixing (100 RPM) enhanced the system stability, digesters' capacity and digestion efficiency. They attributed this to the insufficient hydrogenotrophic diversity in the non-acclimated seed, therefore requiring the need of mixing to avoid hydrogen accumulation.
Furthermore, Hoffmann et al. (2008) studied the effect of various mixing intensities on the methanogenic population dynamics and performance as well as compared syntrophic microbes in a biogas plant digesting cow manure. Four 4.5 L CSTR biogas plants were operated at different speeds of 1500, 500, 250, and 50 RPM at 34 C for a total period of 260 days. The OLR was increased between 0.6 and 3.5 g VS/L day. The shear level was quantified using computer automated radioactive particle tracking together with Computational Fluid Dynamics (CFD). The mean specific biogas production was 0.241 ± 0.007 m 3 /kg VS and the various mixing magnitude had no effect on biogas production under steady state condition but the reactor performance at 1500 RPM was negatively affected at start up with higher effluent VFA concentrations. The acetoclastic methanogenic populations varied for the low and high intensity mixing with Methanosaeta concilii and Methanosarcina spp as the predominant methane producing microbes respectively.
6. Evaluation of mixing in household and forced mixed digesters
Mixing in household digesters
The overview of different studies on domestic anaerobic biogas plants, mainly Chinese dome digester and Plug flow digesters is presented in Table  4 . The overview provides information on the substrate type, inoculum, digester type, volume, organic loading rate, dilution ratio, HRT, temperature, biogas production rate, specific biogas production and percentage of volatile solids degraded. Chinese dome digesters are mixed via pressure variation during gas use and feeding. There is really no mixing in plug flow digesters but there is convective transport longitudinally as feed passes through the digester in a horizontal direction from left to right i.e. inlet to outlet. Mixing in Chinese dome and plug flow digesters might depend on the feeding regime, volumetric gas production (m 3 /m 3 /d), organic loading rate, gas use frequency, quantity and rheological properties of the substrate as well as the reactor content. The effect of mixing, mixing frequency and intensity in household digesters are to the best of our knowledge not measured or quantified for studies presented in Table 4 . Various operating parameters are presented in the table to find a link with mixing in household biogas plants. Jihen et al. (2010) reported a high VS removal and high volumetric biogas production rate of 80% and 0.79 m 3 /m 3 /d respectively in a Chinese dome digester operated at an HRT of 23 days compared to other reported studies (An & Preston 1999; Hamad et al., 1982; Polprasert et al., 1986; Kalia, 1988; Xavier & Nand 1990; Cuzin, Farinet, Segretain, & Labat, 1992; Singh & Anand, 1994; Kanwar & Guleri 1994; Singh et al., 1995; Kalia & Singh 1998; Lansing et al., 2010; Ferrer et al., 2011; Tamkin et al., 2015) reviewed in Table 4 . The high VS removal and biogas production can be attributed to the concentration and nature of substrates applied in the digester. Dairy manufacture effluent (DME), the co-substrate applied by Jihen et al. (2010) , is a highly biodegradable waste providing a balanced C:N ratio of 25. The results showed that a Chinese dome digester can provide a high volumetric gas production. However, household digesters generally only have access to more complex wastes like animal manure and other agricultural wastes. Though efficiencies could be increased, it is not yet clear to what extent. Cuzin et al. (1992) reported a volumetric biogas production of 2.4 m 3 / m 3 /day at 45 days HRT in a plug flow digester. The high biogas production rate can be associated with the nature of the substrate (cassava) applied and the high OLR, 3.6 kg VS/m 3 /day. However, Kalia & Singh (1998) reported a similar high OLR rate 3.44-4.45 kg VS/m 3 /day but lower biogas production rate of 0.52 m 3 /m 3 /day applying cow manure as substrate. The difference can be attributed to the high biodegradability of the cassava peel compared to cow manure and probably the resultant degree of mixing in both digesters. The four times higher volumetric gas production in the plug flow system might have improved the mixing in comparison to the Chinese dome digester. For all systems (Table 4) , volumetric biogas production fluctuates greatly depending on the loading rate and type of substrate applied.
Mixing in forced mixed digesters
Forced mixed reactors uses different methods and equipment for mixing. The major types of forced mixing are hydraulic, mechanical and pneumatic mixing. Hydraulic mixing is achieved by pumps which recirculate digester content. In mechanical mixing, agitators and propellers are used to even out digester content. Pneumatic mixing makes use of the gas produced, which is injected into the reactor from the bottom to the surface of the digester content (Deublein & Steinhauser, 2008) . The content of the digester can be continuously mixed, intermittently mixed or not mixed. An intermittent mixing regime means mixing is switched on and off for a planned time interval ranging from a few seconds to almost constant mixing (Lindmark et al., 2014) . Table 5 gives an overview of results from studies that have been conducted to evaluate the effect of mixing on biogas production, hydraulic retention time, organic loading rate and VS reduction. They were conducted in lab-scale set-ups and pilot scales with different mixing modes and intensities. The mixing was executed either continuously, semi-continuously or intermittently while applying biogas circulation, slurry recirculation or mechanically mixing with occasional unmixed conditions as a blank. Table 5 focuses on comparing different continuous mixing modes to unmixed reactors. The parameters and results presented reveal that intermittent mixing modes aid anaerobic digestion compared to continuously mixed digesters. The highest specific biogas production reviewed in this study for the evaluation of effect of mixing in forced mixed digesters is 0.71 m 3 /kg VS at 3 kg VS/day OLR, 6% TS. The second and third highest specific biogas production are 0.70 m 3 /kg VS at OLR 2 kg VS/day, 4% TS and 0.64 m 3 /kg VS at OLR 3.9 kg VS/day, 8% TS respectively at 20 days HRT in a semi-continuously mixed plug flow digester treating fruit and vegetable wastes (Bouallagui et al., 2003) . The high specific biogas production in this study may be attributed to three factors: the high biodegradability of the applied substrate; the semi-continuous or intermittent mixing pattern; and the ability of the reactor to separate acidogenesis and methanogenesis while horizontally allowing the plant to act like a two-phase system. Karim et al. (2005) at laboratory scale, evaluated the effect of various types of mixing (biogas circulation, impeller mixing, slurry recirculation and unmixed) on specific biogas production, OLR and digester startup using the recommended EPA (US EPA, 1979) power input of 8 W/m 3 for all the digesters. The applied substrate was cow manure, OLR was between 2 and 3.24 kg VS/day and 16.2 days HRT at 35 C for all the digesters. The highest specific biogas production reviewed is 0.51 m 3 /kg VS at an OLR of 3.24 kg VS/day using biogas circulation as the mode of mixing. The authors concluded that mixing had no effect on digesters performance when applying an influent TS concentration less than 5%. In contrast, the effect of mixing, speed and the mode of mixing became important when TS concentration was between 10% and 15% because the rheological and viscosity properties of the substrate were changing at these concentrations. Gomez et al. (2006) and Rico et al. (2011) concluded from their results that the most important gain of changing mixing from continuous to semi-continuous (or intermittent) mixing mode is that almost the same gas production could be attained while using lower energy input, thereby making the anaerobic digestion process more energy efficient. Moreover, Ong et al. (2002) obtained the same biogas production from continuous and semicontinuous mixing experiments.
With regards to studies on the different types of mixing (Stroot el al., 2001; Gomez et al., 2006; Karapaju & Rintala, 2008; Ratanatamskul & Saleart, 2016) , it appears that the semi-continuous (or intermittent) mixed digester has an advantage by keeping the mixing duration short. For example, laboratory experiment showed better biogas production of 0.38 m 3 /kg VS from intermittently mixed (10 min/d) digester compared to 0.34 m 3 /kg VS from a continuously mixed digester operated at same conditions (Karapaju & Rintala, 2008) . These researchers also reported the same trend for a pilot study (500 L) using same substrate (cow manure) and inoculum. The continuously mixed digester did not produce superior specific biogas production (0.44 m 3 /kg VS) compared to 0.45 m 3 /kg VS from an intermittently mixed (22 h/d) digester. Furthermore, Stroot et al. (2001) reported better specific biogas production 0.56 m 3 /kg VS from an intermittently mixed (2 mins/d) digester compared to 0.43 m 3 /kg VS from a continuously mixed digester at 135 RPM. The laboratory experiments were performed under same parameters -HRT, OLR, temperature and substrates. In addition, Gomez et al. (2006) compared high (200 RPM) , low (80 RPM), unmixed and intermittently (200 RPM before and after feeding) mixed digesters in another study. The high mixed digester produced lower biogas (0.2-0.4 m 3 /kg VS) compared to 0.3-0.36 m 3 /kg VS from others, despite been operated at same HRT, OLR and temperature with same substrate. Therefore, intermittent or semi-continuous mixing seems enough for the digestion process operating at lower TS influent concentration. However, the mode of mixing becomes crucial when higher TS concentrations are applied (Karim et al., 2005) .
Mixing during startup (before the biogas production rate becomes stable) was not beneficial (Karim et al., 2005; Hoffmann et al., 2008) to almost all digesters compared to during the steady state (Karim et al., 2005) . Mixed digesters during steady state produced more biogas than unmixed digesters. Hoffmann et al. (2008) recorded, at steady state, the same specific biogas production of 0.38 m 3 /kg VS at same OLR, substrate, temperature and HRT but different mixing speeds between 50 and 1500 rpm. He however observed a negative effect on digester performance at reactor startup for the digestion experiment at 1500 RPM. Application of semi-continuous or intermittent mixing mode to anaerobic digesters can achieve similar biogas production with less energy consumption, thereby making the anaerobic digestion process energy efficient (Gomez et al., 2006) .
Mixing in household digesters vs. forced mixed digesters
This section focuses on promoting the application of the results in literature on forced mixed experiments in household anaerobic digesters. It has been shown in this review that mixing is an important parameter in anaerobic digesters. Mixing in domestic biogas digesters is difficult to quantify and poorly reported. Intermittent or semi-continuous mixing in comparison to continuous mixing is beneficial for anaerobic digestion during startup and in enhancing interaction between microorganisms. Low mixing during reactor startup allows for a more stable AD process and permits the microbial community to develop faster. Semi-continuous mixing during digester startup permits for a more stable digestion process probably due to non-disturbed interaction among different microbial groups (Zeeman, 1991; Stroot et al., 2001) . During startup, strong mixing intensity in digesters may cause an unstable process and continuous mixing has been found to contribute to low biogas production in the reviewed articles. However, this does not imply that continuous mixing will have a negative effect on the performance of the biogas plant on the long term.
Unequal mixing occurring in unmixed digesters or intermittently mixed digesters can produce protective pockets of stagnant regions that can act as inoculation zones for methane producing bacteria and offer protection for the methanogens during acidification. When unmixed and household biogas plants perform well, the performance could be attributed to natural mixing caused by feeding, long hydraulic retention time, decantation and volumetric biogas production rate at lower organic loading rates or higher dilution.
In household digesters, quantifying energy input for mixing is difficult and therefore challenging to optimize. According to Hoffmann et al. (2008) , high mixing intensity did not have much effect on biogas production during steady state and mixing intensity between 50 and 100 RPM is sufficient for biogas production. It can be argued that semi-continuous or intermittent mixing may be more advantageous than continuous mixing if energy is of interest. Semi-continuous mixing mode can therefore produce similar amount of biogas in continuously stirred systems.
Chinese Dome digesters are not mechanically mixed or mixed by gas or liquid recirculation. They are mixed by natural occurring processes viz. substrate feeding, volumetric gas production, pressure difference and effluent removal. Therefore, they can be regarded as intermittently mixed digesters. On the other hand, the degree of mixing for Chinese dome digester will depend on the reactor geometry, type of feed, OLR and frequency of gas use. When considering the optimization of low-cost household digesters without energy input for forced mixing, the challenge would be to quantify the natural mixing in relation to the above-mentioned parameters and optimize the digester performance accordingly. The interest of optimizing domestic biogas plants is to generate as much biogas as possible while applying lowest cost or input. In mixing household digester, there are no cost to be considered on mixing equipment and operation. It has been established earlier in this review that a semi-continuous or an intermittent mixing mode aids anaerobic digestion and is sufficient for biogas production compared to continuous mixing. This means the natural mixing parameters such as substrate feeding, volumetric gas production, pressure difference and effluent removal in household digesters need to be quantified and translated to the required input energy so that mixing optimization can be achievable.
Comparing the results of the studies presented in Tables 4 and 5 is difficult because the mixing in the household digesters presented in Table 4 is not quantified in any of the studies. The organic loading rate and HRT vary significantly between the household reactors reported in literature and the anaerobic digestion systems applying forced mixing presented in Table  5 . The performance results of the anaerobic digestion systems applying forced mixing implies that optimization of the household digesters, depending on natural mixing, is possible. The application of higher input concentration by lower dilution of substrate at the same HRT will not only result in smaller reactor volume but in higher volumetric gas productions. Both gas use frequency and high input concentration can influence mixing conditions and therefore process performance of household digesters. The potential for improvement is large. HRTs and OLRs applied in reactors with forced mixing as reported in this study vary between 10 and 20 days at 0.6 and 6.9 kg VS/m 3 /day respectively while these vary between 23 and 170 days at 0.04-4.45 kg VS/m 3 day respectively for household digesters. The average biogas production rate of 1.3 m 3 /m 3 day in reactors with forced mixing is higher compared to the average of 0.5 m 3 /m 3 day in household digesters. Similarly, the average specific biogas production is 30% higher in forced mixed reactors compared to household systems.
Recommendations for design optimization
Optimization of mixing in household digesters could be achieved by using different tools usually applied in other types of anaerobic digesters (AD), such as tracer methods and computational modeling (Computational Fluids Dynamics -CFD). These methods can help to understand fluid flow in household digesters and how it impacts on biogas production.
Tracer technique
Tracer technique involves the injection of known tracer concentration into bioreactors and evaluation of the concentration response curve at the outlet. The response data at the outlet can be used to estimate the residence time distribution (RTD). The RTD curve can provide information about dead zones, short circuiting and how these problems could be avoided. Examples of tracers used in AD are lithium, fluoride and fluorescein (dye), and are detected in the effluent using spectroscopy, ion selective electrode and special chemical analyses (Lindmark et al., 2014) . Tracers can be injected into AD in a pulse mode and the concentration monitored in the effluent till it reaches zero, otherwise, tracers could be added in a stepwise mode continuously till concentration in the outlet becomes constant (Capela et al., 2009) .
Tracers for such study should fulfill some criteria such as, not impacting on the anaerobic digestion process, should not be converted to another product or phase, should be easily detectable and measurable, and should have same physical characteristics of applied feedstock in household digesters (usually manure). Many tracer studies (Burrows et al., 1999; Martin, 2000; Capela et al.,2009) have been conducted to understand and optimize mixing in various anaerobic digesters systems but, rarely in household digesters. The tracer technique is a flexible tool which has been applied in industrial AD (Hamdi, 1991; Smith et al., 1996; Burrows et al., 1999; Brannock et al., 2010) and could be useful for evaluating and improving mixing in household digesters. Planning and conducting experiments using the tracer techniques require time and sufficient experience to interpret the RTD curve.
Computational fluid dynamics (CFD)
Computational Fluid Dynamics (CFD) is a numerical model that has been employed to study and optimize mixing in anaerobic digesters since early 2000s. This is a vital tool for evaluating particle trajectories, velocities contours and short circuiting in AD. CFD studies focus on fluid behavior and usually not linked with the kinetics of anaerobic digestion process. CFD simulations presents a major advantage because results could be presented visually which helps in system analysis e.g. visualization of velocity direction and flow fields (Lindmark et al., 2014) . CFD could offer a good approach to study and optimize mixing in household digester, because this important tool has been used to study and design different anaerobic digesters (Joshi, 2001; Sokolichin, Eigenberger, & Lapin, 2004; Gerogiorgis & Ydstie,2005; Roy et al., 2006; Kolaczkowski et al., 2007) . This will enable the study of different flow designs and patterns for evaluation and optimization of different AD models before construction with relatively low cost at short time. Some of the studies where CFD was applied are highlighted below.
The use different number of blade impellers with different angles (30 and 45 ) was evaluated by Manea & Robescu (2012) . Their results showed the minor effect of number of blades on the flow field, but the impeller with a larger angle generated a higher flowrate. Karim et al. (2007) , Vesvikar & Al-Dahhan (2005) studied gas-lift mixing in an anaerobic digester with different gas lifting configurations. Their results revealed positioning gas flow rates and the length of the tube in the reactor had minimal effect on mixing and percentage of dead regions in the system. Also, different biogas systems with different configuration of the draft tubes were studied by Meroney & Colorado (2009) . The results revealed mixing features with less short circuiting and dead zones for all tank configurations studied. Other authors (Hoffmann et al., 2008; Bel Fdhila, 2011 and Wu, 2012) have also studied the different facets of mixing in biogas plants but studies on evaluating mixing using CFD in household digesters are scares in literature.
Kinetics of the anaerobic digestion should be coupled with the CFD models for the improved household digesters in future studies to study the details impacts of fluid behavior on biogas production. Full 3-D simulations of different designs of household digesters could be studied using CFD to aid in making appropriate optimization designs before construction.
Innovative design
To optimize mixing in household digesters complicated designs most be avoided and internal mixing device should be avoided to allow for easy maintenance and operation. In an attempt to improve natural mixing in small scale biogas systems without mechanical mixing, Kobayashi & Li (2011) and Qi et al. (2013) have reported a self-agitating biogas reactor suitable for application at small scale. Their preliminary results showed that the self-agitated system could be compared in digestion performance to the combination of a Continuously Stirred Tank Reactor (CSTR) and plug flow reactor in series. Mixing in the self-agitating biogas reactor is achieved periodically by the biogas generated. Mixing in this reactor is achieved after a sudden blast as a result of pressure change when biogas flow under pressure into the second head space when liquid level reaches the tip of a u-tube in the model reactor. This would result to a sudden change of flow pattern in the liquid levels in the reactor (Qi et al., 2013) .
One major difference between the self-agitating and the Chinese dome digester is that the self-agitating digester has two chambers for the gas phase that are linked together with a u-tube, and the liquid phase is divided into four with the use of baffles as shown in Figure 7 . The way mixing is achieved in the system is similar to the commercial biogas induced mixing arrangement (BIMA) large scale digesters designed by Entec Biogas gmbh (Entec-Biogas, 2016) . Moreover, this design needs testing and validation with higher organic loading rates and substrates such as cow manure or pig manure usually applied in household digesters. Future research in household digesters should also focus on studying the prevention of sedimentation and flotation, which occur in household digesters, because there is high tendency to mistakenly decant effluent with lower TS concentration during wasting (or effluent withdrawal) and indirectly increase the retention time of the settled reactor content.
Conclusion
Most applied household digesters are the Chinese dome and the plug flow digesters. Mixing in these digesters is not quantified and is established via pressure build up and flow of influent from inlet to outlet. Household digesters are generally operated at a low organic rate between 0.05 and 2 kg VS/m 3 /day established via a long HRT and dilution of the substrate (generally manure) at < 7% TS.
Mixing in forced mixed reactors or continuously stirred tank reactors (CSTRs) is established by impeller mixing, effluent recirculation, and biogas circulation. Research on the effect of mixing in forced mixed reactors was generally applied at lab scale and focuses on type of mixing at fixed energy input, different influent TS concentrations, and continuous mixing versus intermittent mixing during startup and at steady state conditions. Results show that during reactor startup, intermittent or no mixing is preferred because continuous mixing generally decreased digester stability. During steady state, no difference was observed in digestion performance between continuous mixing and intermittent mixing, and mixing intensities between 50 and 1500 produced similar digestion performance at < 10% TS. But at higher TS concentration > 10%, a higher mixing intensity is required to achieve similar performance.
Household digesters could be regarded as an intermittently mixed reactor and mixing in Chinese dome digester could be positively affected by higher volumetric gas production and increased frequency of gas use. The latter could be achieved by increased loading rate and by applying less dilution of the influent and/or shorter HRT, both leading to smaller reactor volume. Future research should focus on quantifying energy input and optimizing mixing in the household digester at higher influent TS concentration and/ or shorter HRT. Also, the application of tracer techniques and CFD models could help to evaluate and optimize mixing the digester.
